The excitatory neurotransmitter, glutamate, activates N-methyl-Daspartate (NMDA) receptors to induce long-lasting synaptic changes through alterations in gene expression. It is believed that these long-lasting changes contribute to learning and memory, drug tolerance, and ischemic preconditioning. To identify NMDAinduced late-response genes, we used a powerful gene-identification method, differential analysis of primary cDNA library expression (DAzLE), and cDNA microarray from primary cortical neurons. We report here that a variety of genes, which we have named plasticity-induced genes (PLINGs), are up-regulated with differential expression patterns after NMDA receptor activation, indicating that there is a broad and dynamic range of long-lasting neuronal responses that occur through NMDA receptor activation. Our results provide a molecular dissection of the activity-dependent long-lasting neuronal responses induced by NMDA receptor activation.
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N euronal plasticity and development of the CNS depends, in part, on neuronal activity (1). Short-term cellular changes, lasting minutes to hours, are due to rapid membrane ionic conductance changes and associated protein phosphorylation events (2, 3) . In contrast, long-term plasticity requires the synthesis of new mRNA and proteins (4) .
Insights into the genomic mechanisms that underlie long-term plasticity by using differential cloning techniques have been used to identify mRNAs that are rapidly induced by excitatory activity (5, 6) . Most of these studies have focused on the identification of immediate-early gene changes (7, 8) , whereas little attention has been paid to the late-response genes. It is now well established that induction of immediate-early genes in response to neuronal activity is responsible for setting the stage for longterm changes in synaptic function. However, the genes that are ultimately responsible for long-term changes in neuronal function are poorly characterized.
In the brain, neuronal plasticity is mediated largely by the activation of the N-methyl-D-aspartate (NMDA) glutamate receptor through increases in intracellular calcium (9, 10) . A dichotomy of NMDA receptor signaling exists with excessive stimulation, leading to neuronal damage that occurs during stroke and chronic neurodegenerative diseases, whereas normal bursts of excitatory activity result in synaptic transmission and the expression of molecular substrates of long-term plasticity, growth, and survival (11) . The activation of NMDA receptors in glutamatergic neurons induces long-lasting synaptic changes through multiple downstream signaling molecules, and these signaling pathways can express late cellular responses through changes in gene expression (12, 13) . NMDA receptor-mediated neuronal activity is essential for activity-dependent modification of synaptic connections and refinement of functional circuits; it is critical for several forms of synaptic plasticity that underlie learning and memory (14) . NMDA receptor stimulation is also important for long-term changes that lead to neuronal survival and resistance to toxic insults in neurodegenerative disease (15) .
Investigation and characterization of the neuronal transcriptional profile after NMDA receptor activation will provide a better understanding of the processes underlying long-term changes in response to neuronal activity and NMDA receptor activation. Using differential analysis of primary cDNA library expression (DAzLE), an extremely sensitive method of differential gene-expression analysis to identify differentially regulated genes from neurons (41), coupled with a microarray (16), we report the identification and characterization of NMDAinduced late-response plasticity-induced genes (PLINGs).
Materials and Methods
Animals, Cell Culture, and Treatment. Primary cortical cell cultures were prepared from gestational day 15 fetal Sprague-Dawley rats as described (17) . Experiments were performed at day in vitro 14. Under these conditions, neurons represent 70-90% of the culture. Mature neurons were washed with Tris-buffered control salt solution (CSS) containing 120 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 25 mM Tris⅐HCl (pH 7.4), and 15 mM D-glucose. NMDA (50 M) and glycine (10 M) in CSS solution was applied to the cells for 5 min, then the cells were washed and replaced with minimum essential medium containing 5% horse serum and incubated for 6 h in the incubator. Sham treatment control was performed as above except for a 5-min treatment with only CSS solution. All experimental procedures were in accordance with the National Institutes of Health Guidelines and were approved by our institutional animal care and use committees.
cDNA Library Construction. Total RNA was extracted from neurons with TRIzol reagent (GIBCO͞BRL), and poly(A) ϩ RNA was purified with oligo(dT) cellulose chromatography as described in the manufacturer's instructions. The cDNA library from the mRNA of NMDA-treated neurons was constructed with the SuperScript Plasmid System (GIBCO͞BRL) following the manufacturer's protocol. In brief, RNA was NotI-poly(dT)-primed, and cDNA fractions between 1 and 12 kb were pooled for cloning. cDNA was directionally cloned with 5Ј NotI and 3Ј SalI adapter in the pSPORT1 vector and introduced into Escherichia coli. The unamplified library contained 2 ϫ 10 6 transformants.
DAzLE.
Bacteria containing the cDNA library were applied to nylon filters (Ϸ2,000 colonies per plate) on agar plates with ampicillin and incubated at 37°C. The colonies were transferred onto two filters, lysed, and neutralized. The transferred DNA was cross-linked with a UV-cross-linker and stored at 4°C in 2ϫ SSC. mRNAs were purified from NMDA-treated (mRNA1) and sham (CSS solution)-treated (mRNA2) neurons; first-strand cDNAs were synthesized by reverse transcriptase with dT 15 V as a primer, and double-strand cDNAs were synthesized by DNA polymerase I (see Fig. 1 ). After heating at 70°C for 10 min and quenching on ice for 5 min, DNA probes were made by random primed DNA labeling with digoxigenin-dUTP (Roche Diagnostics) according to the manufacturer's instructions. Differential expression of genes was scrutinized by hybridizing two probes that originated from control and NMDA-treated neurons. The membrane filters were hybridized at 42°C overnight in a DIG Easy Hyb solution (Roche Diagnostics). The hybridized membrane filters were washed at room temperature for 30 min with 2ϫ SSC containing 0.2% SDS twice and at 65°C for at least 15 min with 0.1ϫ SSC containing 0.2% SDS. The digoxigeninlabeled cDNA probes were used several times until the hybridization signal diminished in intensity. The bacterial colonies that showed higher intensity on x-ray film from the NMDA-treated neuronal probe than sham-treated neurons were picked, cultured in LB broth containing ampicillin, and preserved at Ϫ80°C in 50% glycerol.
Reverse Northern Blotting Procedure. Plasmid DNAs from the positive bacterial clones were isolated, denatured and spotted on a positively charged Nylon membrane (Amersham Pharmacia) with a 96-well vacuum manifold. The spotted DNA was crosslinked to the membrane with a UV-cross-linker (Amersham Pharmacia). 32 P-labeled first-strand cDNA was prepared by reverse transcription of total RNA. Thirty micrograms of total RNA was mixed with 4 g of dT 15 V and incubated 10 min at 70°C and cooled on ice for 5 min. The mixture was added with 50 mM Tris⅐HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT, 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dTTP, 0.02 mM dCTP, 100 Ci dCTP, and 200 units of SuperScript RT II (GIBCO͞BRL) in a final 25-l reaction solution. The reaction mixture was incubated at 42°C for 1 h and at 42°C for 30 min after addition of 200 units of SuperScript RT II. The membrane was hybridized and washed as described above. The signal intensity of each spot was measured by IMAGEQUANT software (Amersham Pharmacia), followed normalization and comparison between control and NMDA-treated neurons. Each image was overlaid with grids so that signal intensities of individual spots could be assessed. The cDNAs displaying differential expression that were significantly different (P Ͻ 0.05) between two samples were selected and sequenced for further analysis.
Microarray Construction and Analysis. The NMDA-induced, geneenriched microarray was constructed by arraying PCR-amplified cDNA clones at high density on a nylon membrane. Bacterial clones (1,152) were selected from differential screening. The plasmids were purified from 96-well bacterial cultures (Edge BioSystem, Gaithersburg, MD) and the cDNA inserts were amplified by PCR. Each PCR product was verified by agarose gel electrophoresis and each product was printed onto nylon membrane by an array robot (see Fig. 1 ). Thirty micrograms of total RNA was used to label cDNA probes by reverse transcription for hybridizing to the microarrays. 33 P-labeled cDNAs from CSSand NMDA-treated cortical neurons were used as the reference probe and the sample probe, respectively in all hybridizations. Ten micrograms of polydeoxyadenylic acid and 20 g of human CoT1 DNA (Invitrogen) were added to a DIG easy hybridization solution (Roche Diagnostics) and the microarray membrane was prehybridized at 42°C for 1 h before the probe was added directly to the prehybridization solution. Hybridizations, washes, and image scans were performed as described (18) . Hierarchical clustering algorithms were applied to all the genes after normalization by using software programs (GENESIS and IBMT-TUG). Genes were selected as differentially expressed clones if their expression level deviated from that of CSS-treated neurons by a factor of 2.5 in at least five of the samples from NMDA-treated neurons or if the standard deviation for the set of five values of z-ratios (19) determined in the analysis of the time course of gene expression exceeded 0.8. Genes fitting these criteria were sequenced, and 5Ј sequence tags were generated.
Northern Blot Analysis. Twenty micrograms of total RNA was resolved in 1% agarose gel and transferred onto nylon membrane (Hybond-N, Amersham Pharmacia). Each probe was labeled with [␣-32 P]dCTP by using Ready-To-Go (Amersham Pharmacia). The membrane was prehybridized and then hybridized at 55°C overnight. The membrane was washed with 1ϫ SSC at 37°C and 0.5ϫ SSC at 65°C, respectively. The membrane was exposed on phosphor screen, and signals were detected by using Cyclone Storage Phosphor System (Packard).
Maximal Electroconvulsive Seizures (MECSs).
MECSs were induced in male Sprague-Dawley rats (30-40 d of age and 120-160 g). Current was passed transcranially (90 mA for 1.0 sec) by ear-clip electrodes. At this stimulation level, animals showed tonic͞ clonic seizures. Animals were allowed to survive 6 h (n ϭ 4), 24 h (n ϭ 6), 48 h (n ϭ 3), and 72 h (n ϭ 2). MK801 (0.6 mg͞kg) or normal saline was injected i.p. 30 min before MECS. Rats were Fig. 1 . NMDA-induced PLING identification by DAzLE. DAzLE was used to identify genes induced at 6 h after NMDA receptor activation in rat cortical neurons. Differentially expressed transcripts were screened from nonamplified cDNA libraries by a modified differential hybridization method using poly(dA͞dT)-tailless probes. The positive clones from primary screening were amplified individually by PCR and arrayed onto nylon membranes. The differential gene expressions were confirmed by microarray analysis, reverse Northern blot analysis, and Northern blot analysis.
decapitated at appropriate times after MECS. Brains were removed and frozen in powdered dry ice. Sections were stored at Ϫ80°C until use.
Results
To begin to explore the long-term changes that occur in response to NMDA-glutamate receptor activation, we used DAzLE, an extremely sensitive method of differential gene-expression analysis (41) , coupled with microarray analysis to identify lateresponse PLINGs. Late-response PLINGs were identified by comparing the expression profile of primary cortical neuronal cultures 6 h after a brief (5-min) stimulation with NMDA (50 M) or with control buffer solution. We used a dose and length of stimulus of NMDA that induces sustained cAMP response element-binding protein phosphorylation and long-term changes in neuronal function that render cortical neurons resistant to subsequent toxic challenges (S.J.H., T.M.D., and V.L.D., unpublished work). The DAzLE method relies on screening nonamplified primary libraries with poly(A͞T) tailless cDNAs. A full-length cDNA library from NMDA-stimulated cultures was constructed (Fig. 1) . The construction of the cDNA library was followed by library screening with poly(A͞T) tailless digoxigenin-labeled dUTP. Double-stranded cDNA probes reverse transcribed from mRNA samples of unstimulated (driver) neurons and NMDA-stimulated (tester) neurons were synthesized with A, C, G, anchored poly(T) 16 to fix the size of the poly(A͞T) tail of the cDNA. The use of poly(dA͞T) tailless, double-stranded DNA as probes limits cross-hybridization among the 3Ј ends of the sequences, so that rare transcripts are easily recovered as positive clones. Clones were picked by colony hybridization, and only those clones that were dramatically up-regulated 5-to 10-fold on visual inspection were picked. Individual clones (140,000) were screened by DAzLE, and 1,200 (0.86%) colonies that showed higher intensity by chemluminescence detection on x-ray film with the NMDA-treated neuronal probes were picked, cultured, and cataloged. These clones were subjected to PCR, and the PCR products were arrayed on nylon membranes (Fig.  1) . These clones were then further screened for differential expression by reverse Northern blot analysis, and 661 clones are found to be differentially expressed after NMDA receptor stimulation of rat cortical neurons. The differentially expressed clones were then sequenced and identified and͞or functionally characterized by comparison with the GenBank database. Northern blot analysis was used to confirm changes in mRNA expression after NMDA receptor stimulation (Fig. 1) .
DNA microarray hybridization was used to measure the temporal changes in mRNA levels of 1,152 genes at five times, ranging from 1 to 24 h after NMDA receptor stimulation ( Fig.  2 A and B) . The cDNA made from total RNA from each sample was labeled with [ 33 P]dCTP, microarray membrane filters were hybridized, and the expression level of each gene was analyzed and segregated based on its temporal profile of gene expression by using hierarchical cluster analysis into six gene-expression patterns (Fig. 2C) . Six hundred sixty-one of the 1,152 arrayed genes are found to be consistently up-regulated between 1 and 24 h after NMDA receptor stimulation consistent with the reverse Northern blot analysis. Because the initial DAzLE screen was focused on identifying NMDA-induced genes, we only focused our analysis on up-regulated genes. Of the genes, Ϸ5% are induced at 1 h (group 1) and their expression levels return to base line by 12 h (Fig. 2C) . These genes probably represent early-response genes. Another group of genes (group 2) are induced at 1 h and remained up-regulated through the entire 24-h period and represent 18% of the up-regulated genes. Group 3 comprises 19% of the up-regulated genes and represents a set of genes whose expression gradually increases from 1 to 6 h and remains elevated for the remainder of the 24-h period. Fourteen percent of the genes (group 4) are up-regulated between 1 and 6 h after NMDA receptor stimulation, and their expression returns to control levels at 12 h and 24% of the genes (group 5) are down-regulated initially and then up-regulated at 12 h (Fig. 2C ). Twenty percent of the genes (group 6) have fluctuating patterns of gene expression and are up-or downregulated at various times after NMDA receptor stimulation (data not shown).
Northern blot analysis was used to further characterize the differentially expressed transcripts. We analyzed the expression pattern of 20 representative genes from the different expression pattern groups and confirm the microarray expression analysis results (Fig. 3) . Of the genes selected for Northern blot analysis, Ϸ90% show remarkably similar expression patterns, as identified by microarray analysis (data not shown).
The functional breakdown of genes induced by NMDA receptor stimulation is shown in Fig. 4 . There is a broad spectrum of functional categories of NMDA-induced genes (see Tables 1  and 2 , which are published as supporting information on the PNAS web site, for a full list of genes and categories). DAzLE is extremely sensitive and identifies very rare transcripts; and, consistent with the power of the DAzLE technique, Ϸ51% of the NMDA-induced genes are genes of unknown function (Fig. 4) . Several putative zinc-finger transcription factors are induced as late-response genes after NMDA receptor stimulation and may function in the secondary and tertiary transcriptional responses after NMDA receptor stimulation. Other known transcription factors, such as nuclear factor IA, ETS-related transcription factor ETV5, and upstream stimulatory factor 1, are upregulated as late-response genes after NMDA receptor stimulation. Several genes involved in DNA synthesis, transcriptional regulation, protein synthesis, and RNA processing and stability are up-regulated after NMDA receptor activation. Many protein kinases and phosphatases are up-regulated after NMDA receptor stimulation. These molecules might be involved in the signaling mechanisms responsible for regulating or inducing LTP, gene expression, and synaptic plasticity.
Several mammalian homologs of human, Drosophila, and Caenorhabditis elegans genes, such as TP53BP1, hucep-11, DnaJ, pp21, FLJ20279, KIAA0261, ZNF286, MGC19556, AL133206, ENL, RNA polymerase II, EIF4G1, nexin 17, Cbx3, Su(fu), peanut-like 2 homolog, CG1874-PA, C42C1.9, Fox-1, are upregulated after NMDA receptor stimulation. TP53BP1 is known to play an important role in genomic stability as a transducer of the DNA damage signal to p53 and other tumor suppressor proteins (20) . It is clear that NMDA receptor activation can induce DNA damage in neurons (21) . The induction of TP53BP1 may be a protective mechanism against genomic damage after NMDA receptor activation. Peanut-like 2 homolog (H5͞ PNUTL2͞CDCrel2b) is known to be required for cytokinesis in eukaryotic cells (22) , and its splice variant is localized to mitochondria and has a pro-apoptotic function (23) . The other homologs such as the Suppressor of Fused [Su(fu)] protein, the heterochromatin protein (Cbx3), and Fox-1 may regulate mRNA transcription after NMDA receptor activation (24) (25) (26) .
Several genes that are involved in cellular oxidation-reduction, energy and cellular metabolism, and cell survival are upregulated after NMDA receptor stimulation. These gene products include mitochondrial ATP synthase, creatine kinase, and adenylate kinase, key enzymes in the energy-generating system of the brain. We also observe increases in lactate dehydrogenase and phosphoglycerate kinase, genes that are involved in glycolysis. These gene products may play a role in cellular recovery after NMDA-induced ATP and creatine phosphate depletion (27, 28) . Many mitochondrial genes, several cellular membrane ion transporters, mitochondrial transporters, and channels are also induced after NMDA receptor stimulation. Genes involved in maintaining intracellular calcium homeostasis, such as hippocalcin and lipocortin 1, are also increased after NMDA stimulation.
One of the largest functional groups of up-regulated genes after NMDA treatment are a group of genes involved in intracellular signaling. Many of the signaling proteins induced by NMDA are genes involved in intracellular structure and vesicular trafficking. A broad number of genes with putative cytoskeletal function are induced after NMDA receptor activation and these might be involved in structural reorganization of neurons following synaptic plasticity. Unexpectedly, many proteins involved in protein degradation, ubiquitination and protein turnover are induced following NMDA receptor stimulation. These proteins may protect neurons from oxidative stress following NMDA receptor stimulation, but they may also be involved in remodeling synapses and receptor structure following synaptic plasticity (29) . The synaptic remodeling mediated by proteases in neurons might be initiated by calpain that is activated after NMDA receptor activation as an early response (30) and the changes in gene transcription of the proteases possibly leads to synaptic remodeling as a late response. To further characterize the NMDA receptor induced genes identified by DAzLE, we monitored the expression pattern of the DAzLE identified gene sets in vivo by using the MECS paradigm (31) . MECS produces extremely robust and long-lived potentiation of synaptic contacts in the hippocampus and blocks spatial learning. Furthermore, it induces many of the same genes as long-term potentiation. Thus, MECS is considered a model of long-term plasticity relevant to learning and memory. MECS was induced in male Sprague-Dawley rats and animals were euthanized at 6, 24, 48, and 72 h after MECS. Up-regulated genes following MECS are provided in Table 3 , and the functional categories of genes are illustrated in Fig. 6 , which is published as supporting information on the PNAS web site. Genes were selected as up-regulated if their gene expression was induced at least three times during the different MECS experiments. A total of 418 genes are induced after MECS and 161 genes are induced by both NMDA receptor stimulation of cortical culture and MECS in rat cortex (Fig. 5) . The functional categories of genes induced by both NMDA receptor stimulation and MECS indicates the similarity between the two experimental paradigms (Fig. 5) . Many of the genes that are induced by both NMDA receptor stimulation and MECS are possibly involved in longterm changes in synaptic plasticity.
Discussion
We have used DAzLE coupled with microarray analysis to identify the late-response PLINGs that are induced by NMDA receptor stimulation of primary cortical neurons. This method combines a novel and extremely sensitive screening method of differentially expressed genes with custom microarray analysis (41) . This method has advantages over conventional microarray analysis and differential hybridization methodologies (16, 32) . DAzLE selects for abundant and very rare transcripts that are differentially expressed. The preselection of differentially expressed genes (i.e., cherry picking) followed by microarray analysis provides a powerful method for analysis of a large number of dynamically regulated genes. Although a number of relatively complete genomic sequences are available for a variety of organisms, these databases still suffer from gene identification and annotation deficiencies that have hindered comprehensive identification of mRNA (33) . Furthermore, extensive microarray analysis would be required to identify a similar set of differentially expressed genes that are identified by DAzLE. DAzLE coupled with microarray analysis has allowed us to identify a large set of late-response PLINGs that may be important in neuronal function, survival and plasticity of the nervous system. DAzLE is a sensitive technique that allowed us to identify a large number of previously unknown genes. This technique can be applied to a variety of experiments that are designed to investigate the transcriptional response of a variety of genes in different cells and tissues. DAzLE with microarray can also be readily applied to different experimental designs such as pharmacological inhibition of different signaling cascades including receptor agonists or antagonists to investigate the molecular mechanisms of cellular responses. For instance, we recently identified genes that are regulated by mitogen-activated protein kinase-and NO-dependent signaling pathways using DAzLE (S.-J.H., T.M.D., and V.L.D., unpublished observations).
A number of previously characterized PLINGs were identified in our screen and include, TIS11, ARPP-21, neuronatin, clathrin, HSC70, NF-l, PAI, HMG, GFAP, vasopressin, mitogenactivated protein kinase, nexin 1, prosaposin, androgen-binding protein, and mitochondrial cytochrome c oxidase (34, 35) . Because most prior screens for PLINGs have mainly focused on the identification of immediate early-response genes (35-37), our gene set has minimal overlap with previously identified PLINGs. In particular, our screen was designed to identify genes that are induced 6 h after NMDA receptor stimulation and, accordingly, we failed to identify many previously characterized immediate-early genes whose expression returns to baseline before 6 h (38, 39). Thus, our gene set represents a heretoforeuncharacterized picture of the response of neurons to NMDA receptor stimulation.
The results we have gathered from this study show that the late response of NMDA receptor activation leads to changes in many functional groups of genes. Many genes are dynamically regulated in response to brief episodes of NMDA receptor stimulation. A diverse expression profile of late-response genes exists after NMDA receptor stimulation. This temporal gene expression probably links up the NMDA receptor activation with long-term changes in neuronal function. The set of NMDAinduced genes presented here gives us information about synaptic plasticity and suggests many possibilities for future experimental work. Discovered were Ͼ150 previously unknown genes, and the expression of these unknown genes is regulated in specific temporal patterns during the response of neurons to NMDA receptor activation. Although the molecular machinery of synaptic plasticity and neuronal survival is well studied, it is possible that some of the genes of unknown function that showed dramatic up-regulation after NMDA receptor stimulation may yet emerge as regulators of these processes. The induction of several transcription factors, including both uncharacterized genes and genes like NFIA, DDX3, upstream stimulatory factor 1, and ETV5, could play important roles in long-term changes in neuronal function. Consistent with this notion, upstream stimulatory factor 1 was recently shown to be required for calciumdependent transcription for the brain-derived neurotrophic factor promoter (40) . Analysis of promoter sequences of NMDAinduced genes in conjunction with knowledge of the binding site of transcription factors regulated by NMDA receptor stimulation may help illuminate the molecular mechanisms of transcriptional regulation that mediate NMDA-induced gene expression.
A large number of genes were identified that were induced both by NMDA receptor stimulation and MECS. Many of these genes may be important in inducing and maintaining long-term changes in neuronal function that underlie synaptic plasticity. A variety of cytoskeletal and microtubule-related genes are induced and may play a role in the establishment of synaptic connections. Furthermore, several ion pumps, transporters, and intracellular signaling molecules were identified that may also play important roles in the neurons adaptation to its cellular environment.
The list of NMDA-induced genes outlined here presents not only a set of candidate PLINGs, but it also represents possible neuronal survival genes. We expect our NMDA gene set to be of particular use in identifying genes that are involved in neuronal plasticity and in neuronal survival. Functional follow-up of all these NMDA-regulated genes, however, awaits further studies, but gene-expression profiles such as the data presented here provide the framework for investigating genes that are important in these processes.
